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TICIE DEFORMATION OF THE GEOMAGNEX'IC FIELD BY THE S O M  WIND 

G i l b e r t  D. Mead 
Goddard Space F l ight  Center 

Greenbelt, Maryland 

ABSTRACT 

From the three-dimensional numerical solut ion t o  the Chapman- 

Ferraro problem of a steady solar wind perpendicularly incident upon 

a dipole  f i e l d  as obtained and described elsewhere, a simple spherical  

harmonic descr ipt ion of the d is tor ted  f i e l d  is  obtained. Using this 

description, a three-dimensional picture of the f i e ld - l ine  configura- 

t i o n  within the magnetosphere i s  given. The behaviour of the f i e l d  

l i n e s  on the daylight s ide  changes abruptly as one approaches a c r i -  

t i c a l  l a t i t ude ,  which ranges between 82 and 86O, depending upon the 
0 

i n t e n s i t y  of the solar wind. Above this l a t i t ude ,  l i n e s  or iginat ing 

along the noon meridian pass over the North pole and cross  the equator 

along the midnight meridian. The behaviour of conjugate-point phen- 

omena and trapped pa r t i c l e s  near this  c r i t i c a l  l a t i t u d e  is  discussed. 

Magnetic changes at  the ea r th ' s  surface due t o  an increase i n  the  so l a r  

wind in t ens i ty  a re  calculated.  The diurnal  var ia t ions due t o  a steady 

solar wind are calculated and found t o  be small compared w i t h  observed 

Sq f i e l d s .  fQ 0 7 W O l 2  
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I. INTRODUCTION 

This paper discusses a number of geophysical phenomena which a re  

re la ted  t o  the presence of the so l a r  wind and the resul t ing d is tor t ion  

of the geomagnetic f i e ld .  A number of calculations w i l l  be made on the 

basis of a rather simple description of the dis tor ted f i e l d  given by an 

expansion i n  spherical  harmonics. We s h a l l  consider the f i e l d  as con- 

sisting of two par ts :  an in t e rna l  p a r t  which w i l l  be represented by a 

simple dipole colinear with the e a r t h ' s  axis  of rotat ion,  plus an exter- 

n a l  p a r t  due t o  surface currents on the boundary of the magnetosphere. 

The external pa r t  w i l l  depend upon four spherical  harmonic coeff ic ients .  

The numerical values of these coeff ic ients  are obtained from a three- 

dimensional numerical solution t o  the Chapman-Ferraro problem of a 

steady solar wind perpendicularly incident upon a dipole f i e l d .  The 

solution as obtained by Mead and Beard has been presented a t  meetings 

of the American Geophysical Union [Mead, 1962; Mead, 19631, and a separ- 

a t e  paper containing a detai led report  on the solution will be available 

shortly.  

Many geophysical phenomena a re  re la ted  t o  the presence of a geo- 

magnetic f i e l d  extending in to  space. Our understanding of these 

phenomena, and our a b i l i t y  t o  describe them quant i ta t ively often depends 

upon how accurately we can describe t h i s  f i e l d  everywhere. 

The method most commonly used t o  describe the geomagnetic f i e l d  i s  

t o  express it as the negative gradient of  a sca l a r  po ten t i a l .  This 



- 3 -  

potent ia l  is given as the sum of a se r ies  of spherical  harmonic functions 

with a rb i t r a ry  coeff ic ients .  The values of the coeff ic ients  are  usually 

determined by makiw an analysis of one or more components of the f i e l d  

a t  a large number of points on the surface of t h e  ear th .  Such analyses 

have usually shown t h a t  only about 1 percent or l e s s  of the surface 

magnetic f i e l d  can be of or ig in  external t o  the ear th .  

ear th ,  therefore,  terms i n  the spherical  harmonic expansion due t o  

external  sources can usually be safely neglected. 

J 

Near the  

However, a t  large distances from the  ear th ,  the  par t  of the 

f i e l d  due t o  external  sources becomes proportionately much la rger .  

This is because terms i n  the  magnetic f i e l d  description associated 

with i n t e r n a l  sources f a l l  off as l/r3 or f a s t e r ,  where r is  the distance 

from the  origin.  

source terms is e i the r  constant or  proportional t o  posit ive powers 

of r. 

On the other hand, the f i e l d  associated with external  

For calculations of the  magnetic f i e l d  at large distances, therefore, 

it is important t o  have some knowledge of t he  external  source terms. 

These sources f a l l  i n to  three main groups--ionosphere currents, r ing 

currents due to trapped radiation, and currents due t o  the  presence 

of the  so l a r  wind at the outer boundary of the magnetosphere. 

Ionosphsre c w r e ~ t . s  are the source of m D s t  of the da i ly  var ia t ions 

i n  magnetic f i e l d  elements observed at the  surface of the ear th .  

However, outside the ionosphere, these become in t e rna l  sources, and 
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therefore  the  associated f i e l d  f a l l s  off  rapidly along with t h e  main 

f i e ld .  They therefore do not contribute much t o  the f i e l d  a t  large 

distances. 

R i n g  currents associated with the  longitudinal d r i f t  of radiat ion 

b e l t  par t ic les  have long been postulated as the current source 

producing the main phase of magnetic storms. 

and in tens i ty  of these currents have not yet been firmly established, 

and lacking such knowledge it is  d i f f i c u l t  t o  include them i n  any 

calculation of magnetic f i e l d s  i n  space. 

However, the location 

This paper i s  concerned with the  e f f ec t s  of the t h i r d  source, i.e., 

currents at  the  boundary of the magnetosphere. 

harmonic description of the d is tor ted  f i e l d ,  a three-dimensional 

picture of the f i e l d  l i nes  is  presented. A number of in te res t ing  

r e su l t s  which emerge f ran  t h i s  picture a re  discussed. 

the shape o f  the l ines  and the magnitude of the f i e l d  along the 

l i nes  i n  the polar region bear upon the trapping of charged pa r t i c l e s  

i n  t h i s  region. 

changes rapidly i n  t h i s  region. 

Using a spherical  

In par t icu lar ,  

The behavior of conjugate point phenomena also 

By varying the in tens i ty  of the  so la r  wind, one can calculate  the 

changes i n  the magnetic f i e l d  canponents at varying posit ions on the 

surface of the  ear th .  This can then be re la ted  t o  the  sudden commencement 

phase of magnetic storms, which is usually considered t o  be due t o  an 

increase i n  the s o l a r  wind. And f ina l ly ,  w e  calculate  the  da i ly  
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variation i n  the earth's field at various latitudes due to the presence 

of a steady solar  wind, and compare this w i t h  the observed S 

quiet) fields. 

(solar 
q 
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11. A Spherical Harmonic Description of t he  Distorted Field 

We wish t o  express the geomagnet c po ten t ia l  i n  terms of source 

within the ear th  plus current sources at t he  boundary of the magnetosphere. 

The choice of azimuthal angle, however, is  different  f o r  these 

two sources. The terms i n  the  expansion due t o  in t e rna l  sources 

depend upon geographic longitude, whereas we s h a l l  assume t h a t  t h e  

surface current f i e l d s  depend only upon the  posi t ion of the sun, 

i.e., l oca l  time. 

surface and the magnetosphere boundary i s  source-free--that i s ,  if we 

neglect ions ophere currents and ring currents - -then the t o t a l  geomagnetic 

po ten t ia l  Vr within t h i s  region may be expressed i n  terms of a spherical  

harmonic ser ies  

If w e  assume t h a t  t he  region between the e a r t h ' s  

where a i s  t h e  mean radius of t h e  earth,  r the distance from the 

e a r t h ' s  center, 8 the colati tude,  Q' t he  geographic east longitude 

and 'p t he  local time measured from the midnight meridian. 

t h i s  paper barred quant i t ies  a re  those r e l a t e d  t o  ex terna l  sources. 

Here 

Throughout 

n 
C = (gm cos m Q' + h: s i n  m Q') P" (cos e )  Tn m=O n n 
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and 

where 

and 

Note t h a t  the Associated Legendre functions used i n  t h i s  paper (PE) 

are those with the  Schmidt normalization, as has been the convention 

i n  geomagxtic applications.  

The three  components of the magnetic f i e l d  at all points inside 

t h e  magnetosphere are then given by taking the negative gradient of 

VT, viz. ,  

i7j 
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where X, Y, and Z are  the north, east  and downward v e r t i c a l  components 

of the f ie ld ,  respectively. 

For the calculations i n  t h i s  paper, we shall make cer ta in  

simplifications.  

ea r th ' s  f i e l d  is  a pure dipole whose axis is  colinear with the axis of 

rotation. This i s  equivalent t o  se t t ing  a l l  in te rna l  coeff ic ients  t o  

zero except g1,which we s h a l l  s e t  equal t o  0.31 gauss. 

F i r s t  of all, we s h a l l  assume t h a t  t he  in t e rna l  

0 

Secondly, we s h a l l  assume t h a t  the d i rec t ion  of the  so la r  wind 

is  perpendicular t o  the dipole a x i s  and p a r a l l e l  t o  t he  earth-sun 

l i ne .  

f i e l d  have two planes of symmetry, the equator and the Won-midnight 

meridian. In par t icular ,  Br and B are anti-symmetric about the 

equator, and B i s  a l so  anti-symmetric about the  noon meridian. 

B 

symmetric about the equator. 

se t t ing  three-quarters of the e x t e r m 1  coef f ic ien ts  equal t o  zero. 

In par t icular ,  a l l  the  Z'S vanish, and only those g ' s  f o r  which 

n + m i s  odd w i l l  remain. 

With these assumptions, the magnetosphere and i ts  associated 

cp 

rp 
and Be are symmetric about the noon meridian, and E is a l so  r 8 

Mathematically, t h i s  i s  equivalent t o  

If we l i m i t  ourselves t o  values of n less than or  equal t o  3, 

the  north, east ,  and v e r t i c a l  components, respectively,  of the t o t a l  

magnetosphere f i e l d  are as follows : 
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where r is  now measured i n  uni ts  of ear th  r ad i i .  No-Be that these 

expressions are only good out t o  the boundaqy of the magnetosphere. 

Outside t h a t  point, the  f i e l d  is zero i n  the model which w e  use  here. 

To obtain numerical values for  the  external  coeff ic ients ,  we 

have used the solution t o  the problem of a uniformly-directed steady 

so lar  wind perpendicularly incident upon a dipole f i e l d  as obtained by 

Mead and Beard. The d e t a i l s  of t h i s  solution w i l l  be reported upon 

i n  a separate paper. U s i n g  the  procedures developed there ,  we have 

calculated the  vector f i e l d  due t o  the surface currents a t  90 points 

d i s t r ibu ted  at  d i f fe ren t  values of r, 8, and cp inside the q n e t o s p h e r e .  

W e  have then used a l eas t  squares f i t t i n g  program t o  determine the 

best values of all coefficients up t o  a given m a x i m u m  value of n. 

A number of results emerged: 
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1) The two most important coeff ic ients  were go which produces a i 
constant f i e l d  directed p a r a l l e l  t o  the  dipole, and gi. All other 

coefficients gave f i e lds  down by an order of magnitude or  more, even i n  

regions near the boundary. 

2)  using o m  4 coefficients,  viz. ,  gl, g , -O g3 and iz, a l l  
2 

three components of the vector f i e l d  due t o  surface currents can 

be matched t o  an accuracy of about f !2$ out t o  0.5 rb, and f 5% out t o  

0.9 rb both on the l i g h t  s ide and the dark s ide of the earth,  where rb 

i s  the distance t o  the boundary along the earth-sun l ine.  

The numerical value of the coeff ic ients  depends upon the 

in tens i ty  of the solar wind. This dependence can most ea s i ly  be 

expressed through rb, the distance from the center 

the  boundary i n  the so la r  direct ion.  The solution 

finds 

of t h e  ea r th  t o  

we have obtained 

where M i s  the  e a r t h ' s  dipole mment and 2 m  n 3 is  the pressure 

of the solar  wind upon the  magnetosphere. If r is measured i n  

uni t s  of each rad i i ,  the coeff ic ients  are as follows: 

b 

0*'08 gauss 
rb4 ;: = - 

-0 = --- O*OU gauss 
g3 'b5 

gauss 
0.024 
'b5 

- - -  L;.', - 
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If we take rb = 10 ear th  radii, a typ ica l  value observed by Explorer I 

X I 1  [Cahill and Amazeen, 19631, t h i s  gives a f i e l d  due to  surface currents ~ 

I 

of 28 gammas i n  the v i c in i ty  of the ear th  and 46 gammas j u s t  inside the 

boundary i n  the so la r  direction, i n  addition t o  the  ea r th ' s  f i e l d  (1 gamma = 

lo-' gauss). In Figs .  1-3 the components of the surface current f i e l d ,  

dipole f i e ld ,  and t o t a l  f i e l d  are  plotted as a function of rad ia l  distance 

f o r  d i f fe ren t  values of l a t i t ude  and loca l  time. 

These f i e lds  may be compared with those of Beard and Jenkins [1962], 

who calculated the surface current magnetic f i e l d  i n  the meridian plane. 

They assumed a hemispherical surface for the magnetosphere on the daylight 

side,  and obtained a f i e l d  of 14y a t  the ear th ' s  surface and 3 5 ~  j u s t  

inside the boundary i n  the so la r  direction when rb = 10%. 

Midgley and Davis [1963] have a l s o  obtained a solution t o  the problem 

of a dipole i n  a cold, f i e ld - f r ee  plasma wind, using a moment technique. 

They obtain an expression f o r  the surface current f i e l d  i n  the v ic in i ty  of 

the ear th  i n  Cartesian coordinates. When the appropriate transformations 

a re  made t o  a spherical  system, the four coeff ic ients  they obtained agree 

with our fou r  t o  about 205. 
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111. Field-line Configuration Within the Cavity 

The description of t he  d is tor ted  dipole f i e l d  as given i n  sect ion 

I1 was used i n  m a k i n g  a number of f i e l d - l i n e  calculations.  The calculations 

were .performed by a numerical integrat ion of t h e  set of equations: 

Br - -  - -  dr 
d s B  

t o  obtain r, 8 ,  and 'p as a function of the parameter s ,  t he  distance 

along the  f i e l d  l i n e .  Here B i s  the  mwnitude of t h e  f i e l d .  

The f i e l d  l i n e  configuration i n  the noon-midnight meridian plane 

f o r  rb = 10 r is  shown i n  Figure 4. 

t o  a pure dipolar f i e l d  a r e  shown as dashed l i n e s .  

The f i e l d  l i n e s  corresponding E 
A number of 

in te res t ing  results emerge : 

1) As expected, the f i e l d  l i n e s  a t  l a rge  distances are compressed 

on the sun l i t  side. Note, however, that t h e  f i e l d  l i n e s  o n a e  dark 

s ide  a re  a lso compressed, although no-t as much. In t h e  past  it has 

sometimes been supposed t h a t  t he  f i e l d  l i n e s  on t h e  dark s ide  would be 

extended further out ra ther  than compressed, a conclusion which 



is  not supported by the present analysis. Note t h a t  the  e f f ec t  of 

d i s to r t ion  is  only evident f o r  f i e l d  l i nes  emanating from a l a t i t ude  

greater  than 60°, corresponding t o  L > 4, where L is  the usual 

McIlwain p a r e t e r .  

2 )  As one approaches the North pole along the noon meridian, 

a c r i t i c a l  l a t i t ude  is reached beyond which a l l  f i e l d  l i n e s  emanating 

f r m  the surface of t h e  ear th  are bent back over the  North pole 

and cross the equator along the midnight ier idian,  then pass underneath 

the South pole and en ter  t he  e a r t h  again at the  normal conjugate point. 

3 )  The c r i t i c a l  l a t i t ude  a t  which t h i s  t r ans i t i on  occurs is  

between 84" and 85". 

s o  as t o  m2ke r 

If the in tens i ty  i s  increased, making rb = 5% the  t r ans i t i on  i s  

between 82' and 83'. 

very sensi t ive t o  the in tens i ty  of the solar w i n d .  

If the  in"censity of the  s o l a r  wind i s  reduced 

= 15 %, the  t rans i t ion  occurs between 85' and go. b 

Thus we see t h a t  the  c r i t i c a l  l a t i t ude  i s  not 

4)  Those f i e l d  l i nes  emanating from the ear th  close t o  the 

c r i t i c a l  l a t i t ude  pass very near the  so-called "null  point", which 

separates f i e l d  l i nes  crossing the equator along the noon meridian from 

those crossing along the  midnight meridian. A t  the  n u l l  point the  

mo-,..iC..Ar. LwALA,,uuL ef t h e  fie16 i s  zero; and the  boundary of t h e  magnetosphere 

i s  tangent ia l  t o  t he  d i rec t ion  of the  so la r  wind. 

descr ipt ion given here, the la t i tude  of the n u l l  point is  71°, independent 

of the  in tens i ty  of the  solar wind. 

of t he  ear th  t o  the n u l l  point i s  given by 

U s i n g  the f i e l d  

The distance from the center 
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r = 0.93 rb n 

5) The f i e l d  l i n e s  which pass very near the n u l l  point  pass j u s t  i n -  

s ide the boundary of the geomagnetic cavity.  This  provides a way of 

checking the  in t e rna l  consistency of our method ofderiving the fields--we 

can t race  out t he  boundary of the magnetosphere by p lo t t ing  the locus of 

the 84 

Hones [1963] has i n  f a c t  determined a boundary i n  t h i s  fashion, with a 

d i f fe ren t  description of the d i s to r t ed  dipole f i e l d  than t h a t  used here. 

H i s  r e s u l t s  are qua l i ta t ive ly  similar t o  ours. Our method i s  indeed 

in t e rna l ly  consistent; the boundary as determined t h i s  way i s  very near ly  

the same as t h a t  which we determined i n  the solut ion t o  the magnetosphere 

problem. 

0 
f i e l d  l i n e  and the 85' f i e l d  l i n e  as t h e  azimuthal angle i s  varied. 

6) Since our d i s to r t ed  f i e l d  i s  symmetric about the  equator ia l  

plane, pa i r s  of conjugate points  will always have the same longitude 

and equal but opposite l a t i t ude .  However, the nature of the conjugacy 

a t  l a t i t udes  l e s s  than the c r i t i c a l  l a t i t u d e  i s  much d i f f e ren t  from 

t h a t  i n  polar regions, since the polar  l i n e s  of force t r a v e l  out t o  

much grea te r  a l t i t udes  and axe always on the  dark s ide  of the  ear th .  

Since the f i e l d  out there  i s  known t o  be very weak and turbulent ,  

above the c r i t i c a l  l a t i t ude  one would expect t o  f ind  much l e s s  

correlat ion between geomagnetic phenomena a t  conjugate points.  

I n  addition, above the c r i t i c a l  l a t i t ude ,  l i n e s  of force emanating 

from the night side of the ear th  a re  shor te r  than those which emanate 

from the  day s ide but which cross the  equator on the  night  s ide.  

Thus a t  high l a t i t udes  one should f ind  g rea t e r  cor re la t ions  between 
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phenomena at  conjugate points a t  night than during the day. 

and h t h e r  E19631 have examined magnetograms from high-lati tude 

conjugate s t a t ions  and have found j u s t  such a day-night e f f e c t .  In  

t h i s  case t h e  geomagnetic la t i tudes  of t h e  conjugate s t a t ions  were 

78.3ON and 79.0°S, somewhat l e s s  than t h e  c r i t i c a l  l a t i t ude  found 

here.  However, a day-night difference might s t i l l  be expected, since 

the  l i n e s  of force on the  day side pass much closer  t o  the  n u l l  point, 

where t h e  f i e l d  i s  expected t o  be very weak and turbulent.  Additional 

evidence f o r  a sudden change i n  the  character of magnetic a c t i v i t y  

as one approaches the  c r i t i c a l  l a t i tude  has been given by Lebeau and 

Schlich f-19621, who compared magnetograms from two s ta t ions  at 

geomagnetic l a t i t u d e s  75.6's and 78.3's. 

l a t i t u d e  s t a t i o n  w a s  relatively more disturbed at a l l  times, but 

pa r t i cu la r ly  a t  midday, when both s ta t ions  experienced t h e i r  maximum 

a c t i v i t y .  The correlat ion between average a c t i v i t i e s  a t  t he  two 

s t a t ions  w a s  highest a t  midnight (d .95)  and lowest a t  midday (=0.65). 

Both Wescott and Mather, and kbeau  and Schlich explained t h e i r  r e s u l t s  

using arguments similar t o  those used here. 

Wescott 

They found the  higher 

7) With the  description of the d is tor ted  f i e l d  used here, one 

can calculate  t he  magnitude of the  f i e l d  everywhere along a f i e l d  

l i n e .  The r e s u l t s  of such calculations are shown i n  Figures5 and 6 .  

The first f igure shows the  f i e l d  along l ines  emanating from various 

l a t i t u d e s  on the  midnight meridian. The numbers are not much d i f fe ren t  

than those calculated from a pure dipole f i e l d .  On the  other hand, 

Figure 6 , showing l ines  along the  noon meridian, indicates  an unusual 
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behavior s e t t i n g  i n  as one approaches the c r i t i c a l  l a t i t u d e .  

A t  l a t i t udes  of 75' and above, the m i n i m u m  f i e l d  i s  no longer at 

t h e  equator, but a t  a high l a t i t u d e  near the n u l l  point. 

A number of interest ing consequences on trapped p a r t i c l e  studies 

emerge from these results. F i r s t  of a l l ,  one would expect t h a t  it would 

be very d i f f i c u l t  t o  permanentu t r a p  p a r t i c l e s  along f i e l d  l i n s s  

above the c r i t i c a l  l a t i t ude  on the daylight s ide ,  because of t he  

weak f i e lds ,  long f i e l d  l i nes ,  and high turbulence along par t s  of 

the f i e l d  l i n e .  This conclusion would a l s o  apply tL l a t i t u d e s  l e s s  

than but close t o  the c r i t i c a l  latitude on the day side. One might 

expect, f o r  instance, t h a t  no p a r t i c l e s  would be s tably trapped a t  

l a t i t udes  above t h a t  at which the  minimum f i e l d  on the day s ide is 

no longer at  the equator, i .e. , 75' i n  t h i s  analysis.  

These expectations are confirmed by s a t e l l i t e  s tudies  of trapped 

pa r t i c l e s .  

middle la t i tudes .  No trapped p a r t i c l e s  have been found over the poles. 

From k j u n  I data O'Brien [1$31 has found a la rge  diurnal  var ia t ion  

i n  the  high l a t i t u d e  termination of trapped electrons.  On the  average, 

t h i s  cutoff was at around 75' i n  l o c a l  day and 69" i n  l o c a l  night. The 

75' cutoff would be reasonable i n  view of the closeness t o  the  c r i t i c a l  

l a t i t ude .  

of these par t ic le$  assuming conservation of t he  f i r s t  two adiabat ic  

invariants,  t o  see whether t h i s  e f f e c t  i s  suf f ic ien t  t o  cause the 

A s  expected, most of the rad ia t ion  i s  trapped at low and 

Computations are now under way t o  determine t h e  d r i f t  paths 
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observed reduction i n  the high la t i tude  cutoff on the  night 

side.  

All observations s o  f a r  have been based on calculations of f i e l d  

l i nes  and f i e l d  magnitudes i n  the noon-midnight meridian. This is  

the  eas i e s t  s i tua t ion  t o  visualize,  since the cp component of  the f i e l d  

vanishes here, and the f i e l d  l ines  are all coplanar. As we move away 

from the noon meridian, the magnetosphere surface currents give r i s e  

t o  an azimuthal f i e l d  component, which i n  general moves the equator ia l  

crossing point of each f i e l d  l ine away from the sun. The lines 

emanating fram a given longitude are thus no longer coplanar and 

it becomes more d i f f i c u l t  t o  i l l u s t r a t e  t h e i r  behavior. One w a y  

of seeing t h i s  e f fec t  i s  t o  view the f i e l d  l i nes  from a posit ion 

above the North pole. The l ines  a re  then seen as projections upon 

the  equator ia l  plane. 

each of which shows different  longitudinal l i n e s  emerging from a given 

l a t i t ude .  As expected, the  azimuthal change i s  greatest  for  high 

l a t i t ude  l ines .  A l i n e  emerging from 80" l a t i t ude  a t  a longitude 

40° eas t  of the  noon meridian crosses the equator a t  57' eas t  longitude. 

The picture  changes rapidly as the c r i t i c a l  l a t i t ude  is  approached, 

and beyond t h i s  l a t i t ude  all l i n e s  cross the equator within f 65' 

of the midnight meridian, regardless of the  longitude from which they 

originated. 

A series of such views are  shown i n  Figure 7, 

This same ef fec t  i s  shown graphically i n  Figure 8. Here the 

change i n  longitude a t  the equator is plot ted as a function of the  
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l o c a l  time a t  the point where the l i nes  emerge from the earth.  

Again, the difference between the 84' l i n e s  and the 85' l ines  

i s  clearly seen. 
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IV. Sudden Commencement of Magnetic Storms 

The e f f e c t  of sudden commencements can be calculated using the  

gresent f i e l d  description, i f  we ignore t r a n s i e n t  var ia t ions  (such 

as those caused by the propagation of hydromagnetic waves) and assume 

t h a t  t h e  e n t i r e  magnetosphere adjusts  a t  once t o  an increase i n  the  

i n t e n s i t y  of t h e  s o l a r  wind. 

magnetosphere dimensions by a constant f a c t o r  and increase the i n t e r n a l  

The only e f f e c t  is then t o  reduce a l l  

f i e l d s  proportionately.  Figure 9 shows t h e  resul ts  of t h i s  calculation. 

Here w e  p lo t  the  f i e l d  along the geomagnetic equator a t  the  e a r t h ' s  

surface due t o  t h e  magnetosphere surface currents,  as a function of 

r If t h e  boundary is  at 10 e a r t h  

radii, t h e  magnetosphere f i e l d  is 30 y at noon, 28  Y at 6 p.m., and 

26 y at midnight. 

boundary t o  shrink t o  6 % would increase t h e  f i e l d  t o  around 130 y, 

producing an observed increase of about 100 Y i n  t h e  north component 

t h e  pos i t ion  of t h e  boundary. b y  

A sudden increase i n  the s o l a r  wind causing t h e  

of t h e  f i e l d  at t h e  geomagnetic equator. 

solar wind would have t o  be increased by a f a c t o r  of around 20 t o  

The energy density of the  

produce t h i s  change. 

An approximate ana ly t ic  expression f o r  t h e  l a t i t u d e  dependence 

can be obtained by taking only the leading t e r m  i n  the  surface current 

f i e l d ,  i.e., t h e  one proportional t o  go. This term is independent of 
1 

l-?.-l +;mn "mi4 
AvI-aA u A u L  r y a u  h ~ ~ e  

m0 [cky - 11 cos A 
b r3 h~ (gammas) = 

bo 

27,700 'bo\3 ~c-, - 11 s i n  A 
b r3 az (gammas) =- 

bo 
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where r i s  the  quiet-time posi t ion of the  boundary, and r i s  the 
bo b 

new equilibrium posi t ion after the so l a r  wind has increased. It i s  

c lear  from t h i s  expression tha t  an increase i n  the so l a r  wind inten- 

s i t y  w i l l  add t o  the  north or X component of t he  e a r t h ' s  f ie ld ,but  

oppose the e a r t h ' s  v e r t i c a l  component. This i s  t r u e  i n  both the  

northern and southern hemispheres. 

This type of  analysis  cannot account f o r  the  - main phase of 

magnetic storms, since the  m i m u m  decrease i n  the  horizontal  com- 

ponent would occur only i f  the  solar wind were t o  vanish en t i r e ly .  

If the quiet-time boundary w e r e  a t  10 R t he  maximum decrease i s  

only about 30 y, whereas decreases of severa l  hundred gamma a re  of ten 

observed. Tlius, the current sources which produce the  main phase 

of magnetic storms cannot be those a t  t he  magnetosphere boundary. 

E' 
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V. The Contribution t o  Sq Fields  by the  SoLar Wind 

U s i n g  t he  descr ipt ion of t he  d i s to r t ed  f i e l d  i n  t h i s  paper, one 

can calculate  the da i ly  var ia t ion  of the  three  components of t he  

magnetic f i e l d  a t  the  surface of the ea r th  f o r  d i f fe ren t  l a t i t u d e s .  

That i s ,  we can calculate  &, Y, and Z of (19 t o  2) as a function of 

l a t i t u d e  A (=goo -8) and l o c a l  t i m e  (p, f o r  r = 1. 

t o  calculat ing the  portion of the  Sq (solar quiet)  f i e l d  due t o  surface 

currents a t  the  boundary of the magnetosphere . 

This i s  equivalent 

The r e s u l t s  a r e  shown i n  FigureD f o r  r = 10 RE. The var ia t ion  b 

shown here i s  almost e n t i r e l y  due t o  terms proportional t o  E ' .  The 
2 

terms a r e  time-independent, and higher-order terms are very small 

compared t o  the  terms a t  r = 1. 
2 

An approxirnate ana ly t ic  expression f o r  the d a i l y  var ia t ion  pro- 

duced by t h e  so l a r  wind may be obtained from Equation by keeping 

only those terms proportional t o  E ' :  
2 

18,700 
x (gammas) = - ~4 

Y (gammas) = " , 7 O 0  s i n  

cos 2 A cos cp 

s i n  cp 

z (gammas) = --+- 18 00 s in  2 A cos (p 

r, 
where the  expressions a re  now i n  terms of t he  geomagnetic l a t i t u d e  

A ins tead  of the  co-lat i tude 0 .  

Figure 10 i s  qua l i t a t ive ly  very similar t o  t h a t  obtained from a 

sph3r ica l  harmonic ana1ysi.s of the  e a r t h ' s  Sq f i e l d  performed by 

Chapman i n  1919, and reported i n  Chapman and Bartels c194.0, Vol I, 

p .  2151. This i s  due t o  the  f a c t  that i n  both cases the  term 

i s  t h e  leading term and i s  of the sam s ign .  However, there  are three  
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important differences : 

1) The observed S f i e l d  shows typ ica l  var ia t ions of 20-lcO y 
q 

at  mid-latitudes, whereas the  S f i e l d  produced by the so l a r  wind 

as calculated here gives a var ia t ion  of only 2-3 gammas. The 

boundary would have t o  be brought d m  t o  5-6 R 

i n  order t o  produce changes as large as those ac tua l ly  observed. 

cl 

by the so l a r  wind E 

2) The observed da i ly  changes are much grea te r  during the  hours 

of sunlight than during those of darkness. This is not one of the 

resu l t s  of t he  present analysis .  Expressed i n  another way, terms 

of higher order than z1 
produced by surface currents  only. 

a r e  r e a l l y  much more important than those 
2 

3) The present analysis  does not predict  the very large d a i l y  

var ia t ions (100-200 y) observed at s t a t ions  very near the magnet 

equator, e .g., Huancaya, Peru. 

We see, then, t h a t  although the calculated d a i l y  var ia t ions  

produced by the  so l a r  wind are qua l i t a t ive ly  similar t o  those 

ac tua l ly  observed, they d i f f e r  both i n  magnitude and i n  d e t a i l s .  

W e  conclude t h a t  the solar wind makes only a small contribution t o  

the  t o t a l  S field,. The major port ion i s  almost ce r t a in ly  due t o  

current systems i n  the  ionosphere together  with the  associated induced 

earth currents.  



- 23 - 

V I .  DISCUSSION AND CONCLUSIONS 

There a re  a number of l imitat ions i n  the accuracy of the f i e l d  

description used i n  th i s  paper. 

t ions  are not f u l l y  met - -we  have assumed a steady so la r  wind, no 

magnetic f i e l d  i n  the interplanetary region, specular re f lec t ion  of 

the  s o l a r  wind a t  the magnetosphere boundary, the absence of a shock 

wave o r  t r ans i t i on  region, and perpendicular incidence upon a pure 

dipole col inear  w i t h  the ea r th ' s  axis of rotat ion.  

not  considered contributions from any external  sources except those 

F i r s t  of a l l ,  the underlying assump- 

Secondly, we have 

a t  t he  magnetosphere boundary. Third,  we have assumed a completely 

non-conducting magnetosphere, whereas currents induced e i the r  i n  the 

e a r t h ' s  i n t e r i o r  o r  the conducting ionosphere could modify the s i tua t ion .  

Despite these l imitations,  we fee l  that the  present picture  is  

a t  least qua l i ta t ive ly  correct.  The f a c t  t h a t  the ear th  i s  not purely 

dipolar  would a l t e r  the de ta i l s ,  bu t  not t he  main resu l t s .  

of s ign i f i can t  r ing  currents would change the f ie ld  l i n e  picture,  but 

there are indicat ions tha t  a t  least during quiet  times, the surface 

current  f i e l d s  are the dominant external influence i n  'the magnetosphere. 

Perhaps the most serious l imitat ion is  the assumption t h a t  the so la r  

wind is  perpendicular t o  the dipole. 

much as 35' either towards o r  away from the sun, depending upon time 

of day and t.ime nf year. 

may not  be p a r a l l e l  t o  the earth-sun l ine .  

remove the north-south and east-west symmetry conditions inherent i n  

The presence 

The dipole axis can be t i l t e d  as 

I:: Z < & i t h i i ,  'die soiar wind veloci ty  vector 

These conditions would 
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the  present description. *We are  now attempting calculations on the 

more general s i tuat ion.  

Several conclusions stand out i n  the present analysis.  We have 

found it possible t o  describe the  ea r th ' s  d i s tor ted  f i e l d  w i t h  rea- 

sonable accuracy using only a few numerical coeff ic ients  for  the 

external  'surface current source terms. With t h i s  description, the 

f i e l d  l ines  i n  the  noon meridian plane exhibi t  some unusual charac- 

t e r i s t i c s  as one approaches a cer ta in  c r i t i c a l  geomagnetic la t i tude ,  

which varies from 82O t o  go, depending upon the so la r  wind intensi ty .  

For l i n e s  emanating from points near t o  but l e s s  than t h i s  la t i tude ,  

the minimum value of  the magnitude of the f i e l d  along the f i e l d  l i n e  

OCCUTS a t  a high l a t i t ude  near the n u l l  point, ra ther  than a t  the 

equatorial  crossing point, as one would ord inar i ly  expect. Lines 

emerging beyond the c r i t i c a l  l a t i t ude  are  bent over the north and 

south poles and cross the equator along the midnight meridian. 

emerging near the  c r i t i c a l  l a t i t ude  but off the noon meridian tend 

t o  be pushed back toward the dark side.  

ence of the  s o l a r  wind compresses the f i e ld  l i nes  on both the dark s ide 

Lines 

A t  lower l a t i t udes  the pres- 

and the  l i gh t  side,  although the e f f ec t  i s  l a rges t  on the  l i g h t  side.  

The e f fec t  of the  so l a r  wind i s  only s igni f icant  upon those l i nes  

emerging a t  l a t i tudes  grea te r  than 60'. 

consequences of t h i s  overa l l  f i e l d  l i n e  behaviour upon trapped radiation 

and geomagnetic ac t iv i ty .  

We have examined a number of 
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The f i e l d  description permits us t o  calculate the e f fec ts  a t  the 

ea r th ' s  surface due t o  an increase i n  the so l a r  wind, as i s  observed 

during a sudden commencement. We find tha t  the ear th 's  horizontal 

component is  increased, but the magnitude of the ver t ical  component 

i s  decreased, i n  both hemispheres. The diurnal changes i n  the com- 

ponents of the earth's f ie ld  due t o  rotat ion under a steady magnetosphere 

are calculated, and the result ing variations a re  found t o  be small as 

compared w i t h  the observed Sq f ie lds ,  indicating t h a t  these f i e lds  are 

not primarily due to magnetosphere surface currents. 
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FIGURE CAPTIONS 

Fig. 1. Radial dependence of the surface current f i e l d ,  dipole f i e ld ,  

and t o t a l  f i e l d  along the earth-sun l i ne .  Due to  symmetry, only the X 

component i s  non-vanishing. 

Fig. 2. Radial dependedce of the f i e l d  a t  dusk on the equator. A t  t h i s  

longitude the boundary is  a t  1.35rb. 

Fig. 3 .  Radial dependence of the f i e l d  a t  X = 45 along the noon meridian. 

The X component i s  strengthened, but the Z component is reduced by the 

surface currents. . 

Fig. k .  Field-line configuration i n  the noon-midnight meridian plane. 

With rb = 10%) the c r i t i c a l  l a t i t ude  i s  between 84" and 85'. 

dipole l ines  a re  compressed on both the daytime and the nighttime side. 

Fig. 5 .  Absolute magnitude of the f i e ld  along l i n e s  on the midnight 

meridian. 

Fig. 6. 

Fig. 7. V i e w  of the f i e l d  l i n e s  from above the North pole. Since these 

a re  projections upon the equatorial  plane, the f i e l d  l i n e s  do not r e a l l y  

cross as the 85 

Fig. 8. 

point. 

Fig. 9.  

as a function of the position of the boundary i n  the solar  direction. 

From t h i s  the change i n  the ear th 's  f i e l d  during a sudden commencement 

can be related t o  a change i n  the posit ion of the boundary. 

0 

The 

Absolute magnitude of the f i e l d  along l i nes  on the noon meridian. 

0 
drawing would seem t o  indicate 

Longitudinal change of the f i e l d  l i n e s  a t  the equatorial  crossing 

Surface current f i e l d  along the equator a t  the ea r th ' s  surface 
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Fig. 10. 

so l a r  wind. 

D i u r n a l  variations i n  the ear th 's  f i e l d  due t o  a steady 
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